Objective: To assess the accuracy of five different computed tomography (CT) scanners for the evaluation of the oropharynx morphology. Methods: An existing cone-beam computed tomography (CBCT) data set was used to fabricate an anthropomorphic phantom of the upper airway volume that extended from the uvula to the epiglottis (oropharynx) with known dimensions (gold standard). This phantom was scanned using two multi-detector row computed tomography (MDCT) scanners (GE Discovery CT750 HD, Siemens Somatom Sensation) and three CBCT scanners (NewTom 5G, 3D Accuitomo 170, Vatech PaX Zenith 3D). All CT images were segmented by two observers and converted into standard tessellation language (STL) models. The volume and the cross-sectional area of the oropharynx were measured on the acquired STL models. Finally, all STL models were registered and compared with the gold standard. Results: The intra-and inter-observer reliability of the oropharynx segmentation was fair to excellent. The most accurate volume measurements were acquired using the Siemens MDCT (98.4%; 14.3 cm Limitations: Images of the phantom were acquired using the vendor-supplied default airway scanning protocol for each scanner. Conclusion: Significant differences were observed in the volume and cross-sectional area measurements of the oropharynx acquired using different MDCT and CBCT scanners. The Siemens MDCT and the Vatech CBCT scanners were more accurate than the GE MDCT, NewTom 5G, and Accuitomo CBCT scanners. In clinical settings, CBCT scanners offer an alternative to MDCT scanners in the assessment of the oropharynx morphology.
Introduction
Obstructive sleep apnea (OSA) is a sleep-related breathing disorder, often associated with a compromised upper-airway space and an increase in upper-airway collapsibility (1) . The most common complaints of OSA patients are excessive daytime sleepiness, unrefreshing sleep, poor concentration, and fatigue (2) . OSA also has a range of deleterious consequences that include increased cardiovascular morbidity, neurocognitive impairment, and overall mortality (3) (4) (5) (6) . An important role in the pathogenesis of OSA is played by anatomical and functional abnormalities of the upper airway (7) .
The three-dimensional (3D) morphology of the upper airway is currently assessed using computed tomography (CT) technologies (8) . The two most common CT technologies used to date for the assessment of the upper airway are multi-detector row computed tomography (MDCT) (9) and cone-beam computed tomography (CBCT) (10) . The major advantages of CBCT scanners are their lower radiation dose and costs (11, 12) . As a result, CBCT scanners are being increasingly used for upper-airway imaging in OSA patients (13) (14) (15) . CBCT scanners use a single, partial gantry rotation (16) , which not only accounts for lower radiation dose, but also produces acceptable diagnostic image quality (17) . However, it remains unclear whether MDCT and CBCT scanners can provide accurate 3D images of the upper airway.
According to a systematic review by Alsufyani et al. (18) , only 1 out of 16 studies focusing on the use of CBCT to automatically or semi-automatically model the upper airway had a sufficiently sound methodology to test the accuracy of the upper airway dimensions. The main challenge faced in the assessment of the upper airway accuracy using MDCT or CBCT is the lack of a 'gold standard' model with known dimensions. Recent studies have used artificial models, hence phantoms of the upper airway, as a gold standard (19) (20) (21) . However, commercially available phantoms used in most of the aforementioned studies are commonly manufactured in simple, generic forms and sizes, and therefore do not resemble the clinical situation. In the present study, a novel 3D-printed anthropomorphic phantom of the upper airway volume (oropharynx) with known dimensions was manufactured that closely resembled a real patient in terms of size, shape, structure, and attenuation profiles.
The aim of this study was to assess the accuracy of two different MDCT scanners and three different CBCT scanners using a novel 3D printed anthropomorphic phantom for the evaluation of the oropharynx morphology.
Materials and methods
A CBCT data set of a 27-year-old female that had been previously acquired using a NewTom 5G CBCT scanner (QR systems, Verona, Italy) was used to design and 3D print an anthropomorphic phantom of the airway space ( Figures 1A and 1B) . The aforementioned CBCT data set was converted into a virtual 3D surface, hence standard tessellation language (STL) model of the upper airway volume that extended from the uvula to the epiglottis: the oropharynx (Figure 3 ). This STL model served as the gold standard in this study. The gold standard STL model of the oropharynx was subsequently used to manufacture the phantom. All bony structures surrounding the oropharynx were 3D printed using a High Performance Composite powder ZP151 (3D Systems, Rock Hill, South Carolina, USA). This composite material was chosen due to its bone-like density that resembles the attenuation profile of bone (22) . The soft tissue surrounding the oropharynx was fabricated using soft tissue-equivalent silicon (Dragon Skin 30, Smooth-On, Inc., Macungie, Pennsylvania, USA). During the assembling of the phantom, three metal markers were positioned in a defined plane to acquire a reproducible reference-point system (RPS) for the cross-sectional area measurement of the oropharynx ( Figure 1 ).
As ( Figure 2) shows, MDCT images of the oropharynx phantom were acquired using two MDCT scanners: GE Discovery CT750 HD 64-slice MDCT (GE Healthcare, Little Chalfont, Buckinghamshire, UK) and Siemens Somatom Sensation 64-slice MDCT (Siemens Medical Solutions, Malvern, Pennsylvania, USA). Furthermore, the following three CBCT scanners were used to acquire CBCT images of the phantom: NewTom 5G CBCT (QR systems, Verona, Italy), 3D Accuitomo 170 CBCT (J Morita, Kyoto, Japan), and Vatech PaX Zenith 3D CBCT (Vatech, Fort Lee, New Jersey, USA). All MDCT and CBCT images were acquired using the vendor-supplied default airway scanning protocol. All imaging parameters of the five CT scanners are presented in Table 1 .
The acquired CT data sets were saved as Digital Imaging and Communications in Medicine (DICOM) files and were imported into Amira® software (v4.1, Visage Imaging Inc., Carlsbad, California, USA) ( Figure 2C ). Using thresholding, one maxillofacial radiologist and one orthodontist then segmented all the acquired DICOM data sets of the oropharynx (Table 2 ). Both observers were blinded for their own results and those of each other. The segmentation procedure was performed five times for each CT scanner and was subsequently repeated after a 10-day interval. This resulted in a total of 20 threshold values per CT scanner (Table 2 ). These 20 threshold values per scanner were subsequently used to segment the oropharynx. All segmented oropharynx volumes acquired from the five MDCT and CBCT scanners ( Figure 2D ) were converted into STL models. These STL models were subsequently imported into GOM Inspect v8® metrology software (GOM, Braunschweig, Germany) for further airway analysis.
The region of interest (ROI) in this study was the volume of the oropharynx between two parallel planes located 1.5 and 42 mm above the base plane of the phantom (Figure 3) . In order to obtain comparable oropharynx volume measurements, all STL models derived from the five CT data sets were cropped accordingly. The volume of the oropharynx was subsequently calculated using the GOM Inspect software ( Figure 4A ). Furthermore, the cross-sectional area of the oropharynx at the level of the metal markers in the phantom was calculated ( Figure 4B ).
To determine the accuracy of the CT-derived STL models, all acquired STL models were superimposed onto the gold standard STL model of the oropharynx using a verified surface registration (local best-fit) algorithm in the GOM Inspect software with an accuracy of 0.05 mm (23) . All geometric deviations between the oropharynx STL models and the printed gold standard phantom STL model are depicted in Figure 5 .
Finally, statistical analysis was performed using IBM Statistical Package for Social Sciences for Windows (SPSS® version 21, Chicago, Illinois, USA). Statistical significance was set at α = 0.05. To determine the intra-and inter-observer reliability of the oropharynx measurements, intraclass correlation coefficients (ICCs) were calculated. Reliability was divided into three categories: poor (ICC < 0.40), fair to good (0.40 ≤ ICC ≤ 0.75), and excellent (ICC > 0.75) (24) . The accuracy of the scanners was calculated as the ratio of the phantom measurements to the gold standard in per cent. One-way analysis of variance (ANOVA) was used to test the differences in the volume and cross-sectional area measurements between the five different CT scanners. Post hoc analysis (Tukey's honest significant difference test) was run to establish which CT scanners produced significantly different results.
Results
All threshold values used for the segmentation of the oropharynx are shown in Table 2 . Intra-and inter-observer reliability, hence ICCs of the threshold values, ranged from 0.436 (fair to good) to 0.966 (excellent).
There were significant differences between the volume measurements of the oropharynx STL models acquired using the five different CT scanners (F = 84.21; P = 0.00) ( Figure 4A ). Tukey's test showed that there were no significant differences in volume measurements between the Siemens MDCT and Vatech CBCT scanners and between the GE MDCT and NewTom 5G CBCT scanners. The Siemens MDCT and Vatech CBCT scanners provided the most accurate volume measurements of the oropharynx ( Figure 4A ). The NewTom 5G CBCT, Accuitomo CBCT, and the GE MDCT scanners resulted in smaller volume measurements of the oropharynx ( Figure 4A ; Table 3 ). There were also significant differences between the cross-sectional area measurements of the oropharynx STL models acquired using the five different CT scanners (F = 43.11; P = 0.00) ( Figure 4B ). The Siemens MDCT, Vatech CBCT, and Accuitomo CBCT scanners provided the most accurate cross-sectional area measurements of the oropharynx ( Figure 4B ). The GE MDCT and NewTom 5G CBCT scanners resulted in smaller area measurements of the oropharynx ( Figure 4B ; Table 3 ). Figure 5 shows the oropharynx STL models acquired using five different CT scanners. The largest geometric deviations were observed in the vicinity of the uvula and the epiglottis region ( Figure 5 ).
Discussion
3D evaluation of the oropharynx offers new possibilities of assessing anatomical abnormalities in OSA patients. In this study, significant differences (P < 0.001) were found between the volume and crosssectional area measurements of the oropharynx acquired using different MDCT and CBCT scanners (Figures 4 and 5) .
The most accurate volume measurements of the oropharynx were acquired using the Siemens MDCT (98.4%; 14. ) scanners ( Figure 4B ). The GE MDCT and NewTom 5G CBCT scanners resulted in smaller area measurements, viz., 89.3% (266.5 mm 3 ) and 89.8% (268.0 mm 3 ), respectively. These results are in good agreement with previous studies that reported an underestimation of the airway area in both MDCT and CBCT images (25, 26) . However, it should be noted that the absolute values of the aforementioned inaccuracies ranged between 13.3 and 14.4 cm 3 (volume) and between 266.5 and 284.5 mm 2 (cross-sectional area) (Table 3) . Consequently, the authors of this study hypothesize that the reported inaccuracies should not affect the radiological evaluation of OSA patients in clinical settings (27) .
Even though the authors of this study used the recommended soft tissue imaging protocols on all CT scanners, the STL models acquired using the GE and NewTom 5G scanners were generally smaller in size than the gold standard STL model (Figure 4) . The smaller STL models caused a shift in the histograms towards the negative direction ( Figures 5A and 5C ). This phenomenon is probably due to the partial volume effect (28) , in which voxels in the vicinity of the air-to-soft tissue boundary are commonly allocated to 'soft tissue' instead of 'air' during the segmentation process.
The higher accuracy of the Vatech STL models could be a result of the smaller spatial resolution used in the default airway scanning protocol (Table 1) (29) . However, a very recent study by Sang et al. (30) that investigated the influence of voxel size on the accuracy of NewTom 5G and Vatech CBCT reported that increasing the voxel resolution from 0.30 to 0.15 mm does not always result in increased accuracy of 3D tooth reconstructions, while different CBCT modalities (i.e. NewTom 5G versus Vatech) can significantly affect the accuracy.
The largest geometric deviations were found in the uvula and epiglottis area ( Figure 5) . Interestingly, the acquired oropharynx STL models were generally too large in the epiglottis region and too small in the vicinity of the uvula. One explanation for this phenomenon could be that the epiglottis has a concave-like geometry and the uvula is convex. These findings are in good agreement with a previous study by Barone et al. (31) , who observed discrepancies between the segmentation of concave and convex shapes in teeth. The results of the present study show that CBCT scanners offer an alternative to MDCT scanners in the assessment of the oropharynx. This is in good agreement with a previous study by Suomalainen et al. (32) , who reported that CBCT scanners offer images similar to those acquired using low-dose MDCT protocols. Therefore, taking the lower CBCT radiation dose into consideration (11, 12) , clinicians should preferably use CBCT modalities for the analysis of the oropharynx. Moreover, all appropriate measures should be undertaken to minimize the dose according to the International Commission on Radiological Protection (ICRP) and the As Low As Reasonably Achievable (ALARA) principles (33) .
Limitations of the current study
One limitation of this study was that for each of the five CT scanners, only one image data set was acquired using a single image acquisition protocol. Since there are multiple image acquisition protocols available for each MDCT and CBCT scanner, different protocols should be considered in a future study. Another limitation was that the gold standard values in the present study were obtained from the original STL model of the oropharynx that was used to 3D print the phantom. 3D printing was performed using a Zprinter 250 inkjet powder printer (3D Systems, Rock Hill, USA), which has a layer thickness of 0.1 mm and an in-plane resolution of approximately 0.05 mm (23) . Therefore, this process may have introduced a manufacturing error, hence measurement uncertainty, of up to 0.2 mm (34). Nevertheless, this uncertainty can be considered clinically insignificant (35) .
Conclusion
Significant differences were observed in the volume and cross-sectional area measurements of the oropharynx acquired using different MDCT and CBCT scanners. The Siemens MDCT and the Vatech CBCT scanners were more accurate than the GE MDCT, NewTom 5G, and Accuitomo CBCT scanners. In clinical settings, CBCT scanners offer an alternative to MDCT scanners in the assessment of the oropharynx morphology.
